GPR55 is a G protein-coupled receptor recently shown to be activated by certain cannabinoids and by lysophosphatidylinositol (LPI). However, the physiological role of GPR55 remains unknown. Given the recent finding that the cannabinoid receptors CB 1 and CB2 affect bone metabolism, we examined the role of GPR55 in bone biology. GPR55 was expressed in human and mouse osteoclasts and osteoblasts; expression was higher in human osteoclasts than in macrophage progenitors. Although the GPR55 agonists O-1602 and LPI inhibited mouse osteoclast formation in vitro, these ligands stimulated mouse and human osteoclast polarization and resorption in vitro and caused activation of Rho and ERK1/2. These stimulatory effects on osteoclast function were attenuated in osteoclasts generated from GPR55 ؊/؊ macrophages and by the GPR55 antagonist cannabidiol (CBD). Furthermore, treatment of mice with this non-psychoactive constituent of cannabis significantly reduced bone resorption in vivo. Consistent with the ability of GPR55 to suppress osteoclast formation but stimulate osteoclast function, histomorphometric and microcomputed tomographic analysis of the long bones from male GPR55 ؊/؊ mice revealed increased numbers of morphologically inactive osteoclasts but a significant increase in the volume and thickness of trabecular bone and the presence of unresorbed cartilage. These data reveal a role of GPR55 in bone physiology by regulating osteoclast number and function. In addition, this study also brings to light an effect of both the endogenous ligand, LPI, on osteoclasts and of the cannabis constituent, CBD, on osteoclasts and bone turnover in vivo.
A role for the endocannabinoid system (1) in the regulation of bone mass has been demonstrated recently, because mice lacking either of the cannabinoid receptors CB 1 or CB 2 have abnormal bone phenotypes. Furthermore, cannabinoid receptor agonists and inverse agonists reduce bone loss in mice following ovariectomy and have direct effects on both bone-resorbing cells (osteoclasts) and bone-forming cells (osteoblasts) in vitro (2, 3) .
In some systems such as the vasculature, there is considerable evidence for a role of non-CB 1 /non-CB 2 receptors in mediating some of the effects of certain cannabinoid ligands (for review, see ref. 4) . Such non-CB 1 /non-CB 2 effects have been observed with a range of cannabinoid ligands including certain endocannabinoids and the phytocannabinoid-like compound O-1602; these effects are antagonized by the cannabis constituent cannabidiol (CBD) (4) . Recently, the G protein-coupled receptor GPR55 has been shown to be activated by O-1602 (EC 50 ϭ 13 nM) and antagonized by CBD (IC 50 ϭ 445 nM) (5) (6) (7) (8) . In contrast, these compounds have low affinity (5-30 M) for CB 1 and CB 2 receptors (9, 10) . GPR55 also is activated by the bioactive lipid, L-␣-lysophosphatidylinositol (LPI) (11, 12) .
The physiological role(s) of GPR55 remains unknown. Given the apparent role of CB 1 and CB 2 in regulating bone mass, we examined whether GPR55 is expressed by osteoblasts and osteoclasts and whether this receptor regulates bone cell function in vitro and in vivo. We present evidence that GPR55 plays a role in bone physiology, with major implications for the development of GPR55-and CBD-related therapeutics.
Results

GPR55 Is Expressed by Osteoclasts.
With the use of quantitative PCR, expression of GPR55 mRNA was detected in human osteoclasts generated from macrophage colony-stimulating factor (M-CSF)-dependent monocytes. The mean GPR55 expression was 8-fold higher in osteoclasts than in monocytes in blood from 7 different healthy blood donors (Supporting Information (SI) Fig. S1 A) , and the expression of GPR55 in osteoclasts was similar in males and females; the mean ratio of GPR55:GAPDH expression was 0.096 in 3 male donors, 0.068 in 4 female donors.
GPR55 also was detected as punctuate, vesicular immunofluorescence staining in the cytoplasm and adjacent to the plasma membrane in multinucleated human and mouse osteoclasts (Figs. S1 B and D and S2A), in human and mouse primary osteoblasts, and in human TE85 osteoblast-like cells (Fig. S2 B-D) .
GPR55 Ligands Affect Osteoclast Formation in Vitro.
Concentrations of 1 nM to 1 M O-1602, a GPR55 agonist (13), had no effect on the total number of ␣ v ␤ 3 -positive osteoclasts generated from human peripheral blood monocytes. However, treatment of cultures with 500 nM of the GPR55 antagonist CBD (6) significantly increased osteoclast number (Fig. 1A) , similar to the positive control, 10 ng/mL TGF-␤ (14) .
Osteoclasts generated from GPR55 Ϫ/Ϫ bone marrow macrophages (BMMs) appeared larger than wild-type osteoclasts (Fig.  1D) . Concentrations of 5 nM to 1 M O-1602 significantly inhibited the formation of multinucleated mouse osteoclasts (Fig. 1B) , although the macrophages still seemed to differentiate into tartrate-resistant acid phosphatase (TRAP)-positive mononuclear cells (Fig. 1D ). This inhibitory effect of O-1602 on multinucleated cell formation was not seen in cultures of GPR55 Ϫ/Ϫ BMMs ( Fig. 1 B and D) but still occurred in cultures of CB 1 Ϫ/Ϫ and CB 2 Ϫ/Ϫ BMMs (Fig. S3) . Furthermore, the inhibitory effect of O-1602 on multinucleated osteoclast formation did not occur in the presence of 500 nM CBD (Fig. S3) . Like O-1602, the GPR55 ligand LPI also inhibited mouse osteoclast formation, an effect that (as with O-1602) was not seen with GPR55 Ϫ/Ϫ BMMs (Fig. 1C ).
GPR55 Agonists Stimulate Osteoclast Polarization and Function in
Vitro. Treatment of human osteoclasts (cultured on dentine discs for 5 days) with O-1602 caused an increase in the proportion of polarized, actively resorbing osteoclasts with F-actin rings and increased the area of resorption pits on the discs (Fig. 2 A-C) . Furthermore the GPR55 antagonist CBD, at a concentration of 500 nM (similar to the IC 50 value of 445 nM in previous studies) (6), significantly inhibited both the increase in resorption area and the F-actin ring number seen after treatment with 50 nM O-1602 alone (P Ͻ 0.001) (Fig. 2 A-C) . This concentration of CBD slightly (but not significantly) reduced the basal level of resorption and significantly decreased the number of polarized osteoclasts with F-actin rings. However, a higher concentration of 1 M CBD alone significantly inhibited both human osteoclast polarization and resorption (Fig. S4) . Consistent with the effects seen on human osteoclasts, when mouse osteoclasts were treated with O-1602, we observed a significant increase in the proportion of mouse osteoclasts with F-actin rings (with 1-100 nM O-1602) and a significant increase in resorption area (with 50 nM O-1602) (Fig. S5) . LPI, another GPR55 agonist, also increased the number of polarized, actively resorbing human osteoclasts (with 100 nM, 242% Ϯ 82% of control; P Ͻ 0.05) and increased resorption area (with 100 nM, 192% Ϯ 61% of control; P Ͻ 0.05) ( Fig. 2 D 
and E).
O-1602 Activates Rho and ERK Signaling in Osteoclasts. Using a pull-down assay, treatment of human osteoclasts with O-1602 for 10 min caused an increase in active, GTP-bound Rho. This effect was prevented by pretreatment of the osteoclasts for 10 min with 1 M of the GPR55 antagonist CBD (Fig. 3A) . Although LPI showed the same trend toward Rho activation and inhibition of this effect with CBD, this trend did not reach statistical significance. ERK phosphorylation in human osteoclasts was increased following treatment with LPI; this effect also was prevented by pretreatment with 1 M CBD (Fig. 3A) . Similarly, O-1602 showed the same trend toward activation of ERK signaling and inhibition of this effect with CBD, but this trend did not reach statistical significance. As with human osteoclasts, treatment of mouse osteoclasts with O-1602 or LPI also caused activation of Rho. This effect was absent in GPR55 Ϫ/Ϫ osteoclasts (Fig. 3B) .
O-1602 Has Little Effect on Osteoblast Differentiation. After 72 h, high concentrations of O-1602 in mouse calvarial osteoblasts and HosTe85 cells caused a small but significant decrease in alkaline phosphatase activity, a marker of osteoblast differentiation ( Fig.  S6 A and B) . O-1602 at concentrations of 1 nM to 1 M had no effect on mineralization in long-term cultures of mouse calvarial osteoblasts (Fig. S6C ).
GPR55 Knockout Mice Have Increased Bone Mass. In 12-week-old male GPR55
Ϫ/Ϫ mice, bone volume [bone volume (BV)/tissue volume (TV)] was significantly increased in the tibia and femur compared with wild-type littermates, together with a significant increase in trabecular number, trabecular connectivity (trabecular pattern factor), and a transition from rod-like to plate-like trabecular structure (structure modulus index) in the femur (Fig.  4 A and B) . These changes were not seen in female GPR55 Ϫ/Ϫ mice of the same age. No significant changes in cortical bone volume were detected in male or female mice compared with GPR55 Ϫ/Ϫ mice of the same age. These differences between male wild-type and male GPR55 Ϫ/Ϫ mice were confirmed by histomorphometric analysis of femoral sections from 12-week-old mice (Table S1 ). In male, but not female, GPR55 Ϫ/Ϫ mice, trabecular BV/TV was increased significantly, and trabecular separation was reduced significantly compared with male wild-type mice. However, no significant changes were detected in any histomorphometric indices of bone formation, including osteoblast surface, osteoblast number, osteoid surface, osteoid volume, or osteoid thickness.
Male GPR55 Ϫ/Ϫ mice also demonstrated a trebling of osteoclast surface and osteoclast number compared with male wild-type mice. Despite this increase, an impairment in osteoclast function in GPR55 Ϫ/Ϫ animals was confirmed by measurement of cartilage remnants within the trabecular bone, which revealed a doubling of the cartilage content within the trabecular bone of the secondary spongiosa ( Fig. 4C and Table S1 ). Histologically, osteoclasts in GPR55 Ϫ/Ϫ bones appeared plump and inactive. The presence of unresorbed cartilage also was significantly higher in female GPR55 Ϫ/Ϫ mice than female wild-type mice, suggesting a phenotype similar to but milder than that in the male GPR55 Ϫ/Ϫ mice. In contrast to male GPR55 Ϫ/Ϫ mice, however, the number of osteoclasts in female GPR55 Ϫ/Ϫ mice was reduced considerably compared with wild-type mice, and no change in trabecular bone volume was observed.
The GPR55 Antagonist CBD Inhibits Bone Resorption in Vivo. CBD has been estimated to have a half-life of 2-5 days in humans (15, 16) . Treatment of male mice for 8 weeks with 10 mg/kg CBD (3 times per week) significantly decreased the level of serum type 1 collagen C-terminal telopeptide fragments (CTX), a biochemical marker of bone resorption, by 18% (P Ͻ 0.05) (vehicle control ϭ 22.47 ng/L; CBD-treated ϭ 18.27 ng/L). Microtomographic (CT) analysis of the proximal tibiae also revealed a trend toward increased BV/TV (ϩ 10%) and trabecular number (ϩ 10%), with a decrease in trabecular separation (Ϫ 7%), trabecular pattern factor (Ϫ 5%), and structure modulus index (Ϫ 8%) in the tibia of the CBD-treated mice relative to control. These findings were consistent with a decrease in bone resorption in CBD-treated mice, although these changes were not statistically significant over this treatment schedule.
Discussion
The physiological function of GPR55 is largely unknown. Using immunostaining and quantitative PCR, we demonstrate that both human and mouse osteoclasts and osteoblasts express GPR55 and that GPR55 mRNA is present in human monocytic osteoclast precursors but increases during differentiation into mature, multinucleated osteoclasts. To investigate the role of GPR55 in osteoclast formation, we used a synthetic GPR55 agonist, O-1602 (6, 13) . O-1602 significantly inhibited the late stages (including cell fusion) of osteoclastogenesis from mouse precursors. Although there is evidence that O-1602 can act on additional targets (13) , in the present study the inhibitory effect of O-1602 on osteoclastogenesis was mediated via GPR55, because this effect was not observed in BMMs from GPR55 Ϫ/Ϫ mice but was retained in macrophages from CB 1 Ϫ/Ϫ and CB 2 Ϫ/Ϫ mice. Consistent with the inhibitory effect of O-1602 on mouse osteoclast formation in vitro, osteoclast number was significantly higher in the long bones from GPR55 Ϫ/Ϫ mice than in those from wild-type mice. O-1602 had no effect on the formation of human osteoclasts in vitro. It remains unclear why O-1602 inhibited the formation of mouse osteoclasts but not human osteoclasts; a possibility is that human osteoclasts already produce higher levels of an endogenous agonist. However, consistent with the hypothesis that GPR55 plays some inhibitory role in osteoclastogenesis, the antagonist CBD did increase human osteoclast formation significantly. Next, we examined the role of GPR55 in osteoclast function. O-1602 had a stimulatory effect on cell polarization and resorption in human osteoclasts that was attenuated in the presence of the GPR55 antagonist CBD. Furthermore, treatment with 1 M CBD alone significantly decreased cell polarization and resorption, presumably by antagonizing the effect of GPR55 ligands present in the culture medium or produced endogenously (such as 2-arachidonoylglycerol, which we recently have shown can be produced by osteoclasts) (17) . The endogenous GPR55 agonist LPI also stimulated human osteoclast polarization and resorption. Both O-1602 and LPI elicited a bell-shaped concentrationresponse relationship for these effects on osteoclasts, a typical response of cultured cells to cannabinoids (18) .
The stimulatory effect of GPR55 agonists on osteoclasts probably is mediated, at least in part, by activation of the small GTPase Rho (6, 12 , 19) , which is known to play important roles in osteoclast polarization and bone resorption (20) (21) (22) . We found that treatment of human osteoclasts with O-1602 or LPI caused activation of Rho, an effect that was prevented by pretreatment of osteoclasts with CBD. The stimulatory effect of O-1602 and LPI on Rho was mediated via GPR55, because this effect was absent in mouse osteoclasts derived from GPR55 Ϫ/Ϫ BMMs compared with osteoclasts from wild-type BMMs. LPI (and, to a lesser extent, O-1602) also caused activation of ERK in osteoclasts; ERK is associated with increased osteoclast activity and survival (23) (24) (25) . Although some studies have failed to show that ERK lies downstream of GPR55 (19) , other studies have demonstrated robust GPR55-mediated ERK activation (11, 26) . The contradictory nature of these findings may relate to the concept of functional selectivity (27, 28) , whereby different signaling pathways (e.g., Rho and ERK) are activated in an agonist-and tissue-specific manner (8) . Together, our studies strongly indicate that both Rho and ERK signaling lie downstream of GPR55 in osteoclasts and that GPR55 plays a role in regulating osteoclast function.
Consistent with the stimulatory effects of GPR55 agonists on both human and mouse osteoclast function in vitro, male GPR55 Ϫ/Ϫ mice had evidence of decreased bone resorption and an osteopetrotic phenotype. Although osteoclast numbers were increased significantly, osteoclast function was impaired, as indicated by increased cartilage remnants within the trabecular bone (29) (30) (31) . This impairment in osteoclast function is consistent with our observed effects of O-1602 on osteoclasts in vitro and a role for GPR55 in stimulating osteoclast activity. An increase in osteoclast number in the presence of impaired function often is observed in osteopetrotic phenotypes and seems to be a homeostatic response (32) .
The reason for the milder bone phenotype in the female GPR55 Ϫ/Ϫ mice is not yet known, because there were no noticeable differences in GPR55 expression in human osteoclasts derived from males or females. It is possible that, in vivo, hormonal differences may play a compensatory role in female GPR55 Ϫ/Ϫ mice or that males are more susceptible to loss of GPR55-mediated signaling. Alternatively, this difference could relate to the higher level of remodeling in wild-type female mice compared with males. The high bone mass phenotype of the GPR55 Ϫ/Ϫ mice therefore seems to be predominantly the result of a defect in osteoclast function rather than an increase in osteoblast-mediated bone formation, because O-1602 had little effect on the differentiation or mineralization of osteoblasts cultured in vitro, and osteoblast number and osteoblast surface were not altered in the GPR55 Ϫ/Ϫ mice compared with wild-type controls.
Together, our observations indicate that GPR55 has a necessary role in bone physiology, regulating the formation and particularly the activity of osteoclasts. Previous studies have highlighted the involvement of the cannabinoid receptors CB 1 and CB 2 in the local and/or central control of bone mass (2, 3, 33) . Opinion is divided as to whether endocannabinoids have the ability to act as agonists of GPR55 (6, 11, 12, 19, 26) , but our findings introduce the possibility that the effect of certain endocannabinoids on bone cells may be mediated, at least in part, via GPR55. Lysophospholipids play a role in many physiological and pathophysiological processes and now are recognized as extracellular signaling molecules as well as precursors of phospholipid synthesis (34) . We show here that LPI causes activation of ERK and Rho in osteoclasts via GPR55 and hence could play a role in regulating bone resorption in vivo.
Our observations also suggest that CBD can inhibit bone resorption in vivo via modulation of GPR55 signaling. CBD has been shown to be an effective oral anti-arthritic therapeutic (35) . The receptor mechanisms underlying these therapeutic effects of CBD are unknown, but our observations clearly indicate that GPR55 has a role in the pharmacology of CBD. Recently, GPR55 Ϫ/Ϫ mice have been shown to be resistant to neuropathic and inflammatory pain (36) ; therefore the search for selective GPR55 antagonists for testing in pain models already is underway. Our observations suggest that blocking GPR55 also may have direct beneficial effects on bone turnover in arthritic or metabolic bone diseases. Finally, although CBD is a major constituent of cannabis, it remains to be determined whether cannabis smoking may increase bone density, because delta-9-tetrahydrocannabinol, another constituent, also is thought to be a GPR55 ligand (6, 19) and may oppose the effects of CBD.
Methods
Generation and Culture of Osteoclasts. Human osteoclasts were generated from peripheral blood monocytes cultured with 20 ng/mL M-CSF (R&D Systems) and 100 ng/mL receptor activator of NF-kappaB ligand (RANKL) (Peprotech EC Ltd) as previously described (37) . Samples of whole blood were obtained with informed consent from healthy volunteers with approval from the Local Research Ethics Committee. Monocytes (2 ϫ 10 5 cells/mL) were treated with O-1602 (Caymen Chemical Co.) or CBD (Tocris Cookson Ltd.) dissolved in DMSO (final concentration 0.1% vol/vol). After 7 days, cells were fixed with 4% paraformaldehyde and stained with 23c6 anti-␣ v␤3 (Serotec) and Alexa Fluor 488 goat anti-mouse antibody (Invitrogen). In control cultures, Ͻ 1% of the cells were ␣v␤3-positive at the start of the culture. Total ␣v␤3 immunofluorescence (which showed a significant correlation with the total number of ␣v␤3-positive multinucleated cells) was quantified using a BioTek FL600 plate reader.
To study osteoclast polarization and activity, human monocytes were cultured as described earlier on elephant tusk dentine discs for 6 days, treated with O-1602 with or without CBD, with CBD alone, or with LPI (Sigma) for 5 more days, and then were fixed and stained with 0.5 g/mL TRITC-phalloidin (Sigma) to visualize F-actin rings (a characteristic cytoskeletal feature of polarized, functionally active osteoclasts) (38, 39) . The area of resorbed dentine was quantified as described previously (37) .
Mouse osteoclasts were generated by culturing BMMs, from wild-type C57BL/6, CB 1 Ϫ/Ϫ (40), CB2 Ϫ/Ϫ (3), or GPR55 Ϫ/Ϫ mice, with 50 ng/mL murine M-CSF and 10 ng/mL murine RANKL (R&D Systems), as described previously (41) . After 3-5 days with or without O-1602 or LPI, cells were fixed and stained for TRAP (42) to count TRAP-positive multinucleated (Ն 3 nuclei), osteoclast-like cells (MNCs).
To study the activity of mouse osteoclasts, MNCs were generated by coculturing primary osteoblasts (see Supporting Information), 1 ϫ 10 5 cells per well, with bone marrow cells, 1.5 ϫ 10 6 cells per well, from 3-week-old C57BL/6 mice, on 6-well plates coated with type I collagen (Nitta Gelatin Inc.) in the presence of 10 nM 1␣, 25-dihydroxyvitamin D 3 and 1 M prostaglandin E 2. After 6 days the cell population was harvested using 0.1% collagenase (Sigma) and then was seeded onto dentine discs with or without vehicle or 1 nM to 1 M O1602 for 48 h. Cells were fixed and stained for F-actin and TRAP before the resorption pit area was quantified as described earlier. The number of F-actin rings per culture was normalized to the number of TRAP-positive MNCs.
Analysis of Rho and ERK Activation. Human and mouse osteoclasts were starved (overnight or for 30 min respectively) of FCS and RANKL/M-CSF and then were treated for 10 min with 1 M O-1602, 1 M LPI, or 1 M CBD (with or without 10-min pretreatment with 1 M CBD). Rho-GTP then was quantified in 0.5 mL of cleared cell extract using a Rhotekin pull-down assay according to the manufacturer's instructions (Upstate) using anti-Rho A (26C4) (Santa Cruz Biotechnology) and IR800-labeled anti-mouse (LiCor) antibodies.
To measure ERK activation, human osteoclasts were starved for 4 h and then were treated with O-1602 or LPI (with or without pretreatment with CBD) as described earlier. Fifty g of cell lysate were analyzed by Western blotting using anti-phosphorylated ERK1/2 (Cell Signaling Technology #9101S) and anti-ERK1/2 (Cell Signaling Technology #9107), followed by Alexa Fluor 688-labeled anti-rabbit (A21076, Invitrogen) and IR800-labeled anti-mouse (LiCor) antibodies. Bands of phosphorylated/total ERK1/2 were visualized simultaneously and quantified using a LiCor Odyssey infrared imager.
Generation of GPR55 Knockout Mice and CT Analysis of Long Bones. GPR55 knockout mice were generated by homologous recombination, in which a region containing the complete GPR55 coding sequence in exon 2 was replaced with a loxP-flanked Neo cassette (see SI Methods). The GPR55 Ϫ/Ϫ strain was backcrossed 6 generations toward C57BL/6. Mice that were heterozygous for the deletion were intercrossed to produce homozygous GPR55 Ϫ/Ϫ and wild-type littermate control mice. No gross abnormal signs were observed at birth in GPR55 Ϫ/Ϫ animals. Formalin-fixed tibiae and femora from 3-month old mice were scanned using a Skyscan 1072 x-ray Microtomograph at 50 kV/197 A. Images were obtained at 5-m resolution with a rotation step of 0.67°b etween each image and were reconstructed using NRecon version 1.4.4 (SkyScan). Trabecular and cortical 2D and 3D morphometric parameters were analyzed using CTAn version 1.7.0.2 software (SkyScan) and quoted using American Society for Bone and Mineral Research nomenclature.
Histomorphometry. Femora were fixed in 4% buffered formalin/saline (pH 7.4) and were embedded in methyl methacrylate. Longitudinal 1.5-m femoral sections were prepared, stained with toluidine blue, and measured by standard histomorphometry in the secondary spongiosa as described previously (43) . Safranin O staining was used to detect cartilage remnants within the trabecular bone as described previously (43) .
CBD Treatment in Vivo and Serum CTX Measurement. Male C57BL/6 mice were injected i.p. 3 times per week for 8 weeks (infusion rate of 5 L/g body weight) with either 10 mg/kg CBD (n ϭ 5) or vehicle alone (as a control) (n ϭ 5). CBD (Tocris Cookson Ltd) was freshly prepared on each occasion by dissolving CBD in a vehicle of ethanol/cremophor (1:1 vol/vol) and then diluting the solution further in saline until the final solution was ethanol/cremophor/saline, 1:1:18. At the end of the 8-week study, fasted serum samples were collected from individual anesthetized animals, and CTX levels were measured in duplicate using the RatLaps EIA kit according to the manufacturer's instructions (Immunodiagnostic Systems). Formalin-fixed tibiae and femora from these mice also were analyzed by CT as detailed earlier.
Statistics. Data analysis and statistical comparisons were made using 1-way ANOVA or a Students' t test. Following ANOVA, a Dunnett's or Bonferroni post-test was applied to identify significant differences, unless otherwise stated. All analyses were performed on data from at least 3 independent experiments.
